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Genetic transformation of loblolly pine using mature zygotic embryo 
explants by Agrobacterium tumefaciens 

TANG Wei (/**) 

(Forest Biotechnology Group, Department of Forestry, North Carolina State University, Raleigh, NC 27695-7247, USA) 


Abstract: Agrobacterium tumefaciens strain LBA 4404 carrying pBI121 plasmid was used to transform mature 
zygotic embryos of three genotypes (E-Hb, E-Ma, and E-Mc) of loblolly pine. The results demonstrated that the 
expression frequency of (5-glucuronidase reporter gene (GUS) varied among genotypes after mature zygotic em¬ 
bryos were infected with Agrobacterium tumefaciens cultures. The highest frequency (27.8%) of GUS expressing 
embryos was obtained from genotype E-Mc with mean number of 21.9 blue GUS spots per embryo. Expression of 
(5-glucuronidase reporter gene was observed on cotyledons, hypocotyls, and radicles of transformed mature zy¬ 
gotic embryos, as well as on organogenic callus and regenerated shoots derived from co-cultivated mature zygotic 
embryos. Nineteen regenerated transgenic plants were obtained from GUS expression and kanamycin resistant 
calli. The presence and integration of the GUS gene was confirmed by polymerase chain reaction (PCR) and 
Southern blot analysis. These results suggested that an efficient Agrobacterium tumefaciens-mediated transfor¬ 
mation protocol for stable integration of foreign genes into loblolly pine has been developed and that this trans¬ 
formation system could be useful for the future studies on transferring economically important genes to loblolly 
pine. 
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Introduction 

Genetic transformation in conifers has the potential 
to allow the selective improvement of individual traits 
in elite clones while still maintaining the existing 
combination of genes responsible for the superior 
phenotype (Charest et al. 1991; James et at. 1996; 
Walter et al. 1999). At present, although considerable 
research effort has been devoted to the genetic en¬ 
gineering of conifer species (Sederoff et al. 1986; 
Bekkauoi et al. 1988, 1990; Robertson et al. 1992; 
Bommineni et al. 1993; Shin et al. 1994; Kli- 
maszewska et al. 1997), it has lagged behind ad¬ 
vances made in angiosperm wood forest trees and 
herbaceous crops due both to economics and the 
recalcitrant nature of woody perennials to in vitro 
manipulation (Gupta et al. 1993; James et al. 1996; 
Wenckefa/. 1999). 
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Agrobacterium-mediated transformation has been 
one of the favored methods for introduction of foreign 
genes into higher plants. Inoculation with Agrobacte¬ 
rium resulted in tumour development in numerous 
coniferous species (Sederoff et al. 1986; Clapha etal. 
1986; Diner et al. 1987; Morris et al. 1989; Stomp et 
a/. 1990; Bergmann et al. 1992). Transient expres¬ 
sion of GUS gene by Agrobacterium tumefaciens has 
been reported for Pinus halepensis Mill (Tzfira et 
al. 1996) and Pinus pinea L. (Humara et al. 1999). 
However, transgenic plant regeneration has not ob¬ 
tained mainly due to the lack of a suitable regenera¬ 
tion procedure. Recent advances in tissue culture 
and transformation techniques in conifers make 
transgenic plantlet regeneration for coniferous spe¬ 
cies feasible. Transgenic plantlet regeneration has 
been obtained from Larix deciduas (Huang et al. 
1991) and Larix kaempferi xL. decidua (hybrid larch) 
(Levee et al. 1997) via cocultivation with Agrobacte¬ 
rium. More recently, transgenic plantlet regeneration 
in conifers has succeeded in Picea abies (Walter et al. 
1999), Picea glauca (Ellis et al. 1993), Picea mariana 
(Charest et al. 1996), and Pinus radiata (Walter et al. 
1998) via microprojectile bombardment. 

Loblolly pine (Pinus taeda L.) is an economically 
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important forest tree, which is widely planted in tropi¬ 
cal and subtropical regions. Sederoff etal. (1986) first 
reported the gene transfer by Agrobacterium 
tumefaciens in loblolly pine. Gupta et at. (1988) re¬ 
ported somatic proembryo formation and transient 
expression of a luciferase gene in loblolly pine proto¬ 
plasts. Stomp et al. (1991) succeeded in transient 
expression from microprojectile-mediated DNA 
transfer in Pinus taeda. Wenck et al. (1999) reported 
GUS expression in cell suspension cultures of loblolly 
pine. Yet there is no report on Agrobacterium tume- 
faciens -mediated transformation and expression of 
(5-glucuronidase reporter gene in mature zygotic em¬ 
bryo cultures and regenerated plants of loblolly pine 
because of the lack of tissue culture system com¬ 
patible with transformation. In this study, we present 
the Agrobacterium -mediated transformation and sta¬ 
ble expression of the (5-glucuronidase reporter gene 
using mature zygotic embryos of three genotypes of 
loblolly pine as explants. 

Materials and methods 

Plant materials 

Mature seeds of three genotypes (E-Hb, E-Ma, and 
E-Mc) were collected from Shaoyang Seed Orchard, 
Hunan Province, China in October 1996, and stored 
in plastic bags at 4 Q C before they were used to tissue 
culture. Seeds were disinfected by immersion in 70% 


RB NosPro NosTer 



w/w ethanol alcohol for 30 s and in 0.1% mercuric 
chloride for 10-15 min, followed by four to five rinses 
in sterile distilled water. Mature zygotic embryos were 
aseptically removed from the megametophytes and 
placed horizontally on a solified callus induction me¬ 
dium in flasks or Petri dishes. Mature zygotic embryo 
explants were used to transformation experiments 
after cultured on pretreatment medium consisted of 
TE medium (Tang et al. 1998) supplemented with 10 
mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 4mg/L 
benzyladenine (BA), and 4mg/l kinetin for 1-3 weeks. 

Agrobacterium strain and plasmid 

Agrobacterium tumefaciens strain LBA4404 con¬ 
taining the binary plasmid pBI121 (Clontech) (Fig. 1) 
carrying neomycin phosphotransferase gene (nptll) 
which confers kanamycin resistance, and 
(5-glucuronidase (GUS) under the control of the cauli¬ 
flower mosaic virus 35S promoter and the terminator 
from nopaline synthase (nos) were used in the 
transformation experiments. Agrobacterium tumefa¬ 
ciens was grown overnight at 28 °C in liquid YEP 
medium (Sambrook et al. 1989) supplemented with 
100 mg/L carbenicillin and 50 mg/L kanamycin. The 
overnight culture was used for transformation of ma¬ 
ture zygotic embryos. Concentration of bacterium 
was determined in MILTON ROT spectronic 1201 at 
600 nm. 


LB 



Probe 


Fig. 1 T-DNA region of pBH 21 plasmid, the 2kb BamHi-SacI fragment of pBI121 that was used as the DNA probe in 

the Southern blot analysis. 

Note: RB—right border of T-DNA, LB—left border of T-DNA, NosPro-- promoter of the nopaline synthase gene, NosTer- terminator of the 
nopaline synthase gene, 35Spro-the cauliflower mosaic virus 35S promoter, nptll-neomycin phosphotransferase gene, 
GUS--(3-glucuronidase gene. 


Co-cultivation and selection 

After mature zygotic embryos were infected with 
bacterium cultures (OD600: 0.5-1.0) for 15-25 min, 
cocultivation was conducted at 25 °C for 3-5 d in the 


darkness on callus induction medium consisted of TE 
medium (Tang et al. 1998) supplemented with 10 
mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 4 mg/L 
benzyladenine (BA), 4 mg/L kinetin, and 50 (M ace- 
tosyringone. Co-cultivated mature zygotic embryos 
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were washed 4-5 times in sterile distilled water for 
reducing the Agrobacterium contamination, and were 
placed on sterile filter paper to remove excess liquid 
and transferred onto callus induction medium sup¬ 
plemented with 500 mg/L carbenicillin (for killing 
Agrobacterium tumefaciens LBA4404) for 1 week. 
Then cocultivated mature zygotic embryos were 
transferred onto callus induction medium supple¬ 
mented with 500 mg/L carbenicillin (for killing Agro¬ 
bacterium tumefaciens LBA4404) and 15 mg/L 
kanamycin (for killing non-transformed cells and tis¬ 
sues). After three weeks, mature zygotic embryos 
were transferred to fresh callus induction medium. 
Plant regeneration was carried out according to a 
procedure previously described (Tang etal. 1998). 

Histochemical assays and fluorimetric analysis of 
GUS activity 

Histochemical analysis of GUS expression was 
performed 24 h after cocultivation with Agrobacterium 
tumefaciens. Tissues were incubated in staining 
buffer (Jefferson et at. 1987) consisting of 100 mM 
sodium phosphate, 50 mM 

5-bromo-4-chloro-3-indoly!-p-D-glucuronic acid cyclo- 
hexylammonium salt, 0.1% p-mercaptoethanol, and 
0.1% Triton X-100 (pH 7.2) at 37 °C for 16 h prior to 
observation. Stained plant materials were cleared 
with 70% ethanol for at least 5 times. A sample was 
scored as GUS positive if there was at least one dis¬ 
crete dark-blue region on the tissue. Fluorimetric as¬ 
says were performed using a TK100 fluorimeter 
(Hoefer, San Francisco, Calif.). Total protein was ex¬ 
tracted from plant tissue with extraction buffer (Jef¬ 
ferson et al. 1987) and was measured using the 
BioRad protein assay (according to BioRad instruc¬ 
tions). Fluorimetry was according to the protocol by 
Jefferson et al. (1987), including the appropriate ex¬ 
perimental controls. 

PCR analysis 

Loblolly pine genomic DNA was prepared by the 
method of Wagner et at. (1987). Primers used for 
amplification of insert DNA were the nptll forward 
primer 5'-AC AAAC AG AC AAT CGGCT GC-3' and re¬ 
verse primer 5'-AAGAACTCGTCAAGAAGGCG-3'. A 
total of 100-300 ng genomic DNA was used as tem¬ 
plate in a 50 pLPCR reaction mix containing 200 pM 
each of dATP, dCTP, dGTP, dTTP, 0.25 pM of each 
primer, 2U Taq DNA polymerase (Promega), 1.5 mM 
MgCI2, and 5 pL 10 x buffer. The reaction proceeded 
in a programmable Amplitron I Thermal Cycler for 30 
cycles (denaturation at 94 °C for 40 s, annealing at 50 
°C for 1 min, and extension at 72 °C for 1.5 min). 
PCR products were observed under UV after elec¬ 
trophoresis on a 0.8% agarose gel. Molecular mark¬ 
ers are (DNA Hind III and 1Kb marker (Gibco-BRL). 


Southern blot 

Genomic DNA was isolated from control and 
transgenic plants according to the methods of Wag¬ 
ner et al. (1987). Thirty micrograms of DNA was di¬ 
gested overnight with the restriction enzyme EcoRI 
and Hind III (Boehringer Mannheim) at 37 °C, then 
electrophoresed on a IxTAE, 0.8% agarose gel in 
TAE and denatured with 0.5 N NaOH, then trans¬ 
ferred to a nylon membrane using alkali transfer 
buffer. The DNA fixed on membranes was hybridized 
(at 65 °C) with the uidA (GUS) probe (BamHI and 
Sacl (Boehringer Mannheim) fragment of GUS gene), 
which was labeled with 32P-dCTP (Ready to Go La¬ 
beling Beads (Pharmacia)), according to standard 
protocols (Sambrook et al. 1989). Membranes were 
washed twice in 2xSSC, 0.1% SDS at 65 °C for 5 min 
each, once in 0.5 (SSC, 0.1 % SDS at 62 °C for 15 
min, and once in O.IxSSC, 0.1% SDS at room tem¬ 
perature for 30 min, and exposed to Kodak 
X-Omat-AR films at -80 °C for three days. 

Results and discussion 

Induction of transgenic callus 

Before the transformation experiments, mature 
zygotic embryos were cultured on callus induction 
medium containing 0, 5, 10, 15, 20, 25, and 30mg/L 
kanamycin to identify the optimal concentration for 
selecting transformed mature zygotic embryos. Cal¬ 
lus and adventitious bud formation were completely 
inhibited at 15mg/L kanamycin in the 4th week of 
culture (Fig. 2). One to three weeks after cocultivated 
mature zygotic embryos were transferred transferred 
onto callus induction medium supplemented with 500 
mg/L carbenicillin and 15 mg/L kanamycin, mature 
zygotic embryos began to form calli. The frequency of 
transgenic calli increased during 3-8 weeks on fresh 
callus induction medium supplemented with 500mg/L 
carbenicillin and 15mg/L kanamycin. The highest 
frequency of transgenic callus formatiom was ob¬ 
tained on the 8th week. To improve the transforma¬ 
tion efficiency, different concentrations of coniferyl 
alcohol were added to media during the period of 
cocultivation. Eight weeks after inoculation, the fre¬ 
quency of kanamycin-resistant callus formation was 
obviously improved (Fig. 3). The optimal concentra¬ 
tion of coniferyl alcohol for improving the transforma¬ 
tion efficiency (HB 18.4%, Ma 21.5%, and Me 27.8%) 
was 100 pM. Two to three weeks after inoculation, 
callus was formed on cotyledons, hypocotyl, and 
radicles of embryos inoculated with bacteria. Prolif¬ 
eration of transgenic calli was achieved by subcul¬ 
tured this type of calli on fresh callus induction me¬ 
dium with selected abtibiotics. 
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Fig. 2 Influence of kanamycin concentrations on the 
survival of mature zygotic embryos of three genotypes 
of loblolly pine. 

(Each treatment was replicated three times, and each replicate 
consisted of 50-90 mature zygotic embryos. Errors represent the 
standard deviation around the mean). 



Fig. 3 Influence of coniferyl alcohol concentrations on 
kanamycin-resistant callus formation of mature zygotic 
embryos of three genotypes of loblolly pine 

(Each treatment was replicated three times, and each replicate 
consisted of 50-90 mature zygotic embryos. Errors represent the 
standard deviation around the mean). 

Expression of GUS gene in transgenic tissues. 

Genotype was a significant factor in frequency of 
GUS expression of infected mature zygotic embryos. 
The frequency of GUS expression and the number of 
blue GUS spots per embryo varied among genotype. 
The highest frequency of GUS expressing embryos 
was obtained from genotype E-Mc (Hb 18.1%, Ma 
21.9%, and Me 27.1%). In a culture period of five 
weeks after infection (Fig. 4), mature zygotic embryos 
of genotype E-Mc had the highest mean number of 
blue GUS spots per embryo (21.9 blue GUS spots 
per embryo) Transient GUS expression was ob¬ 


served mostly in cotyledons and hypocotyls of the 
mature zygotic embryos of genotype E-Hb, and in 
radicles of the mature zygotic embryos of genotype 
E-Ma and E-Mc (Fig. 5a). Organogenic callus with 
GUS expression was obtained from these three 
genotypes tested. Accumulation of GUS enzyme was 
not detected in uninoculated control embryos. Longer 
cocultivatrion period, up to 2 weeks, resulted in more 
embryos showing positive GUS expression, but also 
led to a considerable decrease in embryo survival 
rate. GUS expression were observed in adventitious 
buds regenerated from mature zygotic embryo cul¬ 
tures of genotype E-Hb, E-Ma, and E-Mc. Differences 
of foreign gene expression among conifer species 
and genotypes were observed in spruce and larch 
(Ellis et al. 1989; McAfee et al. 1993; Diner et ai. 
1987; Clapham et al. 1986). To improve the trans¬ 
formation efficiency, coniferyl alcohol was added to 
media during the period of cocultivation. The results 
show that the frequency of GUS expressing tissues 
and kanamycin-resistant callus (Fig. 5b) formation 
was obviously improved. That the addition of viru¬ 
lence inducers increased transformation events was 
also reported in hybrid larch (Levee et al. 1997) and 
Norway spruce (Wenck et al. 1999), as well as other 
plant species (Godwin et al. 1991; James et al. 1993; 
Sheikholeslam et al. 1987; Stachel et al. 1985). To 
confirm that the positive X-Gluc in mature zygotic 
embryos was not due to the presence of viable 
Agrobacterium tumefaciens in the explants, ho¬ 
mogenized callus of the GUS+ and GUS- was plated 
on YEP medium. After 1 week of inoculation at 28 °C, 
no bacterium growth was visible from any of puta¬ 
tively transformed mature zygotic embryos. 



Time of culture (Weeks) 

Fig. 4 Influence of different genotypes of loblolly pine 
on the induction frequency (%) of GUS expressing 
mature zygotic embryos 

(Each treatment was replicated three times, and each replicate 
consisted of 150-200 mature zygotic embryos. Errors represent the 
standard deviation around the mean). 
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Differentiation of transgenic shoots and plant 
regeneration 

Nine to twelve weeks after kanamycin-resistant 
calii were transferred to differentiation medium for 
regenerating adventitious buds, adventitious buds 
were formed on the surface of kanamycin resistant 
calli (Fig. 5c). The frequency of adventitious bud 
formation was 7.1%-16.9% on the differentiation me¬ 
dium supplemented with BA and I BA in the 12th week 
of culture (Fig. 6). Both rooting of adventitious buds 
and acclimatization of regenerated plantlets were 
carried out according to a procedure previously de¬ 
scribed (Tang et al. 1998). Rooting frequency 
4.3%-16.9% was observed and both growth and 
phenotype of regenerated plantlets appeared similar 
to the untreated control. Nineteen regenerated 
plantlets (Hb 5, Ma 7, and Me 7) from three geno¬ 
types of loblolly pine were transferred from culture 
flasks into a perlite : peatmoss : vermiculite (1:1:1) 
soil mixture, and seven acclimatized plantlets (Hb 2, 
Ma 2, Me 3) were successfully established in the field 
(Fig. 5d). Fluorometric assay of GUS activity in 
transgenic tissues and regenerated plantlets of dif¬ 
ferent genotypes of loblolly pine show that the highest 
GUS activity was obtained from transgenic regener¬ 
ated plantlets of three genotypes (Fig. 7). 


Fig. 5 Agrobacterium tumefaciens-mediated 
transformation and transgenic plant regeneration in 
loblolly pine. 

a-GUS expression on cotyledons and hypocotyl (bar = 0.3 cm); 
b-Kanamycin-resistant calli derived from cotyledons (bar = 0.5 cm), 
c-- Kanamycin-resistant adventitious shoots (bar = 0.8 cm). 
d-Transgenic regenerated plantlet established in soil (bar = 1 cm). 



Time of culture (Weeks) 

Fig. 6 Influence of different genotypes of loblolly pine 
on the regeneration frequency (%) of transgenic ad¬ 
ventitious buds 

(Each treatment was replicated four times, and each replicate 
consisted of 90-150 callus tissues. Errors represent the standard 
deviation around the mean). 


16 



Callus stem plantlet 


Fig. 7 Fluorometric assay of GUS activity in trans¬ 
genic tissues and regenerated plantlets of different 
genotypes of loblolly pine 

(Each treatment was replicated three times, and each replicate 
consisted of 300-500 mg tissues. Errors represent the standard 
deviation around the mean). 

PCR analysis of the transformants 

Loblolly pine genomic DNA was prepared by the 
method of Wagner et al. (1987). PCR analysis was 
carried out as a rapid identification for the presence 
of the insert DNA in kanamycin resistant calli from 
three genotypes of loblolly pine. The expected 717bp 
band was amplified in the kanamycin resistant and 
GUS expressed calli. No insert DNA band was ampli¬ 
fied in the nontransformed calii. Some of the regen¬ 
erated plantlets derived from kanamycin- resistant 
calli of three genotypes of loblolly pine were also 
checked by PCR (Fig. 8). All of the kanamy¬ 
cin-resistant plantlets tested show the 717 bp band. 
Thus, it confirmed that these regenerated plantlets 
from inoculation were transformants. 
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Fig. 8 PCR analysis of DNA isolated from putative 
transgenic plantlets 

(Lane 1 —1 kb molecular markers (Gibco-BRL), lane 2--pB1121 
plasmid control, lane 3-non-transgenic regenerated plantlet con¬ 
trol, lanes 4 through 7- transgenic regenerated plantlets of E Hb, 
E-Ma, and E-Mc, and transgenic shoot of E-Mc, respectively, lane 
8--XDNA Hind III molecular markers (Gibco-BRL) 

Southern blot 

Trangenic plantlets from independent transforma¬ 
tion events of three genotypes were analyzed by 
Southern hybridisation (Fig, 9). Genomic DNA was 
isolated from control and transgenic plants according 
to the methods of Wagner et al. (1987). Thirty micro¬ 
grams of DNA was digested overnight with the re¬ 
striction enzyme EcoRI or Hind III (Boehringer 
Mannheim) at 37 °C and was used in Southern hy¬ 
bridisation experoments. No bands were detected in 
nontransformed control plants, whereas bands were 
observed (Fig. 9) in transgenic plants. These results 
confirm the presence of foreign genes integrated into 
the Pinus taeda genome. The Southern results of 
regenerated transformed plants showed that one and 
two bands varied in size, respectively, which repre¬ 
sented junctions between T-DNA and adjacent plant 
DNA. These findings show that these are transfor¬ 
mants in which the insert DNA containing GUS gene 
has integrated at one and two sites, respectively, in 
the plant genome. The integration of tandem or mul- 
timer copies in regenerated transformed plants was 
also observed in Pinus radiata via particle bom¬ 
bardment (Walter et al. 1998). 

The data on Agrobacterium tumefaciens- mediated 
transformation of three genotypes of loblolly pine 
presented here show a useful procedure for the re¬ 
generation of transgenic loblolly pine plantlets. This is 
the first report on transgenic plantlet regeneration 
through Agrobacterium tumefaciens- mediated trans¬ 
formation in loblolly pine. In the present investigation, 
we found that the efficiency of the transformation 
events was dependent on the genotypes infected and 


on the organs and tissues infected. High transforma¬ 
tion rate and the intensity of GUS expression were 
observed in genotype E-Mc and to a lesser extent in 
genotype E-Hb, and E-Ma. 



Fig. 9 Southern blot analysis of transgenic loblolly 
pine plants. 

DNA was digested overnight with the restriction enzyme EcoRI and 
Hind III (Boehringer Mannheim), was hybridized (at 65°C) with the 
GUS probe (BamHl and Sacl fragment of GUS gene), which was 
labeled with 'T-dCTP (Ready to Go Labeling Beads (Pharmacia)), 
lane 1 is DNA from un-transformed plant of genotype E-Mc (30 pg), 
lane 2-4 DNA from transgenic plants of genotype E-Hb, E-Ma, and 
E-Mc, respectively (30 pg), and lane 5 is plasmid DNA of pBI121 
(5pg). 

Among different tissues, high GUS expression was 
observed in cotyledons, not in hypocotyl and radicle. 
This result is different from a previous report on the 
transformation of Pinus halepensis (Tzfira et al. 1996). 
It is probably due to more rapid formation of callus 
from cotyledons of mature zygotic embryos, com¬ 
pared to hypocotyls and radicles in our culture sys¬ 
tem. The induction frequency of calli is dependent up 
on the genotypes on the presence of kanamycin. The 
addition of 100 (M coniferyl alcohol during the cocul¬ 
tivation step increased the induction frequency of 
kanamycin resistant calli and Gus expressing tissues 
(Fig.3). This result is similar to the report of Levee et 
al (1997). Coniferyl alcohol is a phenolic compound 
that is released by the wounded plant cells and is a 
virulence inducer similar to acetosyringone (Stachel 
ef al. 1985) and syringaidehyde. It plays an important 
role in the natural infection of plants by Agrobacte¬ 
rium tumefaciens because it activates the virulence 
genes of the Ti pasmid and initiates the transfer of the 
T-DNA region into a plant. A positive effect of pheno¬ 
lic compounds on Agrobacterium tumefa- 
c/ens-mediated transformation has been demon¬ 
strated in many plant species, such as Arabidopsis 
thaliana (Sheikhloeslam et al. 1987), Nicotina ta- 
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bacum (Godwin et at. 1991), Cucumis sativus (Sar- 
mento et al. 1992), and Malus pumila (James et at. 
1993). Our results suggest that the effect of coniferyl 
alcohol on the Agrobacterium tumefaciens- mediated 
transformation of mature zygotic embryos varies 
among genotypes. The transformation procedure 
described in this paper show that it will be possible to 
establish a very useful Agrobacterium tumefa- 
c/ens-mediated protocol for gene tagging and stable 
integration of genes into loblolly pine cultures which 
are capable of plant regeneration, and that this 
transformation system is probably useful for future 
studies on transferring economically important genes 
to loblolly pine. 
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